ABSTRACT
INTRODUCTION
A key to understanding the structure and growth of continental crust is investigating how large-volume magmatic arcs remain structurally coherent in the face of signifi cantly varying subduction parameters, such as the dip and degree of obliquity of the subducting plate. Arguably this is the question in the tectonics of the Cordilleran mountain belt of the western Americas. Variations in the magnitude of subduction obliquity commonly are manifested as the decoupling of normal and tangential fault displacements within arc-forearc domains (cf. Jarrard, 1986) . Variations in the dip of the subducting plate infl uence cycles of subduction accretion and erosion, as well as intra-arc contractile versus extensional deformation (cf. Gutscher, 2001 ). The Sierra Nevada batholith constitutes a critical segment of the North American Cordilleran batholithic belt. It formed in response to Cretaceous subduction of the Farallon plate beneath the California region, as the Farallon plate followed varying angles of subduction obliquity (Engebretson et al., 1985; Stock and Molnar, 1988; Kelley and Engebretson, 1994) . A zone of intra-arc strikeslip faulting (Busby-Spera and Tikoff and Greene, 1994; Greene and Schweickert, 1995; Tobisch et al., 1995; Tikoff and Saint Blanquat, 1997) in the Sierra Nevada region, as well as inner-trench-wall strike-slip displacements in the Franciscan subduction complex (McLaughlin et al., 1988; Jayko and Blake, 1993) , are suggested to have arisen from dextral-sense obliquity in the plate trajectory. Furthermore, the dip of the Farallon slab is suggested to have undergone signifi cant variations during Late Cretaceous time (Dickinson and Snyder, 1978) . In the southernmost Sierra Nevada region, these variations drove cycles of intraarc shortening and extensional deformation (Malin et al., 1995; Wood and Saleeby, 1998; Saleeby, 2003) . The net result of varying subduction-tangent and subduction-normal parameters is that the southern Sierra Nevada batholith is structurally more complex than the central and northern Sierra Nevada batholith. As a result, the southern Sierra Nevada batholith deviates from the well-preserved, intact primary geochemical and petrologic spatial variations of the central and northern Sierra Nevada batholith. This paper focuses on the relationship between intra-arc deformation and the disruption of these otherwise regionally coherent spatial variations in the southern Sierra Nevada batholith.
Large sets of isotopic data from batholithic complexes have been widely applied as a means to map the major tectonic features of continental basement at coarse scales (cf. Kistler and Peterman, 1978) . Most noteworthy have been efforts to map fossil lithospheric structures in large-volume magmatic arcs (cf. Kistler, 1990) , and efforts to document large displacements of batholithic rocks by superimposed structures (cf. Silver and Mattinson, 1986) . Recently, the apparent attenuation of regional isotopic variation patterns along a major intrabatholithic shear zone was paired with structural data to approximate high-magnitude fi nite strain along the western Idaho batholith (Giorgis et al., 2005) . Extensive investigations in the Sierra Nevada batholith have provided comprehensive data sets of geobarometry, initial 87 Sr/ 86 Sr (Sr i ), and U/Pb zircon ages (Kistler and Peterman, 1978; Saleeby and Sharp, 1980; Stern et al., 1981; Chen and Moore, 1982; Saleeby et al., 1987a Saleeby et al., , 1987b Saleeby et al., , 1990 Saleeby et al., , 2007 Ague and Brimhall, 1988; Chen and Tilton, 1991; Pickett and Saleeby, 1993; Ague, 1997; Brady et al., 2006; Coleman et al., 2004) . In this paper, we synthesize these data and integrate them with geologic mapping and shearstrain analysis to help constrain the kinematic history of the proto-Kern Canyon fault, an ~130-km-long, intra-arc strike-slip fault that has been instrumental in the disruption of the southern Sierra Nevada batholith. Conventional geologic mapping and shear-strain analysis have placed reasonable constraints on dextral offset patterns along the system (Saleeby and BusbySpera, 1986; Busby-Spera and Saleeby, 1990; Saleeby and Busby, 1993; Nadin, 2007) . Vertical displacement and crustal shortening components have remained elusive, however, due to a lack of suitable markers. We recognize regionally continuous spatial variations in the geochemistry, petrology, wall-rock stratigraphy, and depth of emplacement that characterize the entire Cretaceous Sierra Nevada batholith and extend into adjacent segments of the Cordilleran batholithic belt. The primary goal of this paper is to present data on the disruption of these regional Sierra Nevada batholith. In its southern reaches, the proto-Kern Canyon fault fl attens into the Rand fault system, suggesting that it behaved like a lateral ramp. Post-90 Ma dextral shear along the proto-Kern Canyon fault is suggested to have partitioned at least part of the Farallon plate's tangential relative displacement component during an increase in subduction obliquity. Late-stage dextral ductile shear and early phase brittle overprints on the Kern Canyon fault system are coeval with tectonic denudation of the southernmost Sierra Nevada batholith. Geometric relations of the system's terminal ductile and early brittle history with orthogonal extensional structures pose the possibility that the southern segment of the proto-Kern Canyon fault, along with the younger Kern Canyon fault, behaved as a transfer system during the extensional phases of tectonic denudation of the southernmost Sierra Nevada batholith, leading to exposure of the oblique crustal section we see today.
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3 spe438-15 page 3 patterns by the proto-Kern Canyon fault system and to integrate these disruptions with structural data to offer a more complete kinematic analysis of the proto-Kern Canyon fault.
GEOLOGIC BACKGROUND
The Sierra Nevada batholith is a composite batholith that formed largely between 130 and 80 Ma by sequential largevolume magma pulses into an accretionary orogenic complex that developed along the western edge of North America (Fig. 1) . In Cretaceous time, the southern Sierra Nevada batholith continued southward in continuity with the southern California batholith, which was disrupted and is now dispersed as fault blocks of the Mojave Desert and the Salinia terrane of coastal central California. The southernmost Sierra Nevada batholith was tectonically partitioned from the southern California batholith by the east-west-striking, Neogene-Quaternary Garlock fault. It has been proposed that sinistral slip along the Garlock fault was localized along a transverse infl ection in the southernmost Sierra Nevada batholith crust that developed as a result of shallow slab subduction beneath the southern California batholith in Late Cretaceous time (Saleeby, 2003) . The mantle lithosphere was left intact beneath the greater Sierra Nevada batholith to the north, where subduction remained steeper (Ducea and Saleeby, 1998) , and shallow slab subduction led to exposure of an oblique crustal section through the southernmost Sierra Nevada batholith across the infl ection zone by southward-increasing tectonic denudation. Primary structural integrity thus contrasts sharply between most of the Sierra Nevada batholith and its related southern California batholith extension. The region and principal structures that we focus on are in the transition zone between these two differently preserved segments of the regional batholithic belt.
The study area lies along the oblique crustal section of the southernmost Sierra Nevada batholith, between latitudes 35°N and 36. 25°N and longitudes 118.25°W and 118.5°W (Figs. 1 and 2) . This region contains nearly 50 plutons that range in age from 105 to 84 Ma and in composition from gabbro to granite. These plutons are grouped into fi ve intrusive suites (Fig. 2) . The suites include the regionally extensive 105-98 Ma Bear Valley and 95-84 Ma Domelands suites, which underlie the entire southwestern and eastern regions of the study area, respectively. The Domelands suite extends northward beyond the limits of the study area. A third regionally extensive suite (the 101-95 Ma Needles suite) intrudes out the northern end of the Bear Valley suite and extends for an unknown distance to the north of the study area. The 105-102 Ma Kern River and the 100-94 Ma South Fork suites are less extensive.
Regional-scale petrologic spatial variation patterns that typify the Sierra Nevada batholith are expressed in the study area. In general, the older plutons, and suites, lie in the western part of the batholith, and, overall, the plutons show a transition from intermediate (dioritic to tonalitic) to felsic (granodioritic to granitic) compositions from west to east. This west-to-east variation in bulk composition is mimicked by regional variations in Sr i ; less radiogenic isotopic compositions occur to the west, and more radiogenic compositions occur to the east (Saleeby et al., 1987b; Kistler and Ross, 1990; Pickett and Saleeby, 1994) . Pluton emplacement pressures within the Sierra Nevada batholith also vary from west to east, but there is a second trend in emplacement depths as well. The west-to-east trend is a decrease of ~2-3 kbar (Ague and Brimhall, 1988) ; this typifi es much of the Sierra Nevada batholith north of the study area. The second trend occurs in the study area and extends southward to the southern terminus of the range. It entails a southward increase of ~6-8 kbar (Ague and Brimhall, 1988; Pickett and Saleeby, 1993; Dixon, 1995; Ague, 1997; Brady et al., 2006 ; this study). The southern pressure gradient is also expressed in the contact metamorphic assemblages of pendant rocks, which have been metamorphosed in albiteepidote to hornblende hornfels facies with signifi cant domains of hornfelsic textures at the shallowest levels of the study area. At deeper levels in the batholith, the contact metamorphism of pendant rocks has resulted in the development of high-strain tectonites in amphibolite facies, and, at deepest levels, local granulite facies with substantial zones of migmatization.
Shallow-level contact metamorphism resulting in hornfelsic textures has occurred adjacent to the Kern River intrusive suite and along the margins of related hypabyssal sills. Structural and stratigraphic relations of the Kern River suite are critical to the analyses in this paper because they provide an additional paleodepth constraint. Plutons of this suite constitute epizonal levels beneath the coeval Erskine Canyon silicic volcanic sequence. The K1, K3, and K4 units of this suite (Fig. 2) are constrained by structural relations to have been emplaced at less than ~6 km depths (Saleeby et al., this volume, their Fig. 3) . The surface-level conditions implicit in the volcanic stratigraphy of the Erskine Canyon sequence, and the shallowlevel emplacement depths of the underlying plutons, provide a critical barometric equivalent datum for the 105-102 Ma time interval that may be used in conjunction with geobarometric data from neighboring plutons to decipher spatial variation patterns in depth of exposure.
The metamorphic country rocks of the southern Sierra Nevada batholith are composed primarily of metasedimentary and metavolcanic/hypabyssal assemblages. These wall rocks generally crop out as N-NNW-striking, steeply dipping pendants stretched between plutons or between different zones of hosting plutons ( Figs. 1 and 2) . Some of the larger pendants contain resolvable sparsely fossiliferous stratigraphic sequences shown to be part of the lower Jurassic-Triassic Kings sequence Busby, 1986, 1993) , but many of the pendant rocks in the study area are metamorphosed and deformed to the extent that they may only be constrained by regional relations to lower Paleozoic to Jurassic age. These prebatholithic country rocks constituted the local basement for the synbatholithic Erskine Canyon volcanic sequence. As shown on Figure 2 , a roughly N-S-striking belt of pendants appears to have been instrumental in localizing ductile shear of the proto-Kern Canyon fault (Nadin and Saleeby, 2004; Nadin, 2007) . Map outlines of individual plutons forming the intrusive suites of the southern Sierra Nevada batholith referred to in the text. In general, the older Kern River (K), Bear Valley (B), and Needles (N) suites lie to the west of the proto-Kern Canyon and Kern Canyon faults, while the younger South Fork (S) and Domelands (D) suites lie to the east. Critical rock fabrics that constrain early and later motion along the fault system are in the granite of Cannell Creek (D3) and its associated Goldledge member. Also labeled are the Durrwood, Fairview, Cannell Creek, and Isabella pendants, which lie along and are disrupted by the proto-Kern Canyon fault. At its southernmost extent, the proto-Kern Canyon fault merges with the Eastern Tehachapi shear zone, and this system is truncated to the south by the Garlock fault. The Rand schist and upper-plate tectonites are shown in windows adjacent to the Garlock fault, and the locations of the King Solomon Ridge shear zone and the North Walker Basin fault are also shown. 
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Structural Setting
The proto-Kern Canyon fault extends from the southern end of the Sierra Nevada northward to latitude ~36.6°N (Figs. 1  and 2 ). This study focuses on the southern ~110 km of the shear zone and, in particular, on the area between latitudes 35.5°N and 36.2°N. We include the Kern Canyon fault in our analysis. The northern ~90 km of the Kern Canyon fault coincides with the northern segment of the proto-Kern Canyon fault, but at latitude ~36.75°N, the Kern Canyon fault branches southwestward out of the shear zone (Fig. 2) . This branching point defi nes the split between the northern and southern segments of both the protoKern Canyon fault and the Kern Canyon fault. The Kern Canyon fault is a steeply dipping, narrow, partly ductile but mainly brittle structure that is shown here to have had up to 12 ± 1 km of Cretaceous dextral displacement. Although fi eld studies and low-temperature thermochronological data indicate that much of the brittle faulting along the Kern Canyon fault represents late Neogene-Quaternary normal-sense remobilization (Nadin and Saleeby, 2001; Nadin, 2007; Maheo, 2007, personal commun.) , the ~12 km of earlier dextral slip are actually an integral part of the proto-Kern Canyon fault dextral-slip history. Two additional shear and/or fault zones that branch out of the Kern Canyon fault system are also critical to our analysis ( Figs. 1 and 2) . First, at latitude ~35.5°N, the ~17-km-long King Solomon Ridge shear zone branches northwest out of the southern segment of the proto-Kern Canyon fault, terminating against the Kern Canyon fault (Fig. 2 ). This shear zone shows strong early phase, coaxial, ductile fabrics with superposed apparent south-side-up normal(?) sense ductile-brittle shears. Secondly, the ~40-km-long dextralsense Farewell fault zone branches northwest out of the northern proto-Kern Canyon fault at latitude ~36.2°N and traverses the Mineral King pendant (Ross, 1986; Busby-Spera and Saleeby, 1987; du Bray and Dellinger, 1981) . This vertical structure exhibits both ductile and brittle dextral shear fabrics that spread over an ~5 km width adjacent to the proto-Kern Canyon fault. Accordingly, ductile fabrics proximal to the branching point are not readily resolved as belonging to the proto-Kern Canyon fault or to the Farewell fault.
The main high-strain zones of the proto-Kern Canyon fault were localized along the edges of Late Cretaceous-aged plutons that were cooling through solidus conditions and within adjacent steeply dipping metasedimentary pendant rocks (Busby-Spera and Nadin and Saleeby, 2004; Nadin, 2007; Saleeby et al., this volume) . Along its northern segment, the proto-Kern Canyon fault is typically a 2-5-km-wide zone of NNW-striking, steeply east-dipping, pervasively schistose to phyllonitic pendant rocks and granitic mylonites with structural domains that contain concordant brittle shear fabrics. Along the southern segment, ductile shear fabrics locally thin to as narrow as ~1 km, and the eastward dip of the zone progressively shallows as it curves to the southwest and then to the southeast near its southern termination (Fig. 3) . South of latitude ~35.3°N, the thickness of the high-strain zone widens again to ~4 km. The southernmost ~5 km of the proto-Kern Canyon fault has been termed the eastern Tehachapi shear zone by Wood and Saleeby (1998) (Fig. 2) . In this area, the shear zone merges with subhorizontal lower-crustal tectonites that are pervasive near the base of the Sierra Nevada batholith plate above the Rand fault system (Fig. 3) . The Rand fault system is a regional low-angle ductile-brittle structure that places underplated accretionary prism assemblages of the Franciscan complex beneath the southern California batholith as well as the southernmost Sierra Nevada batholith (Cheadle et al., 1986; Li et al., 1992; Malin et al., 1995; Yan et al., 2005) .
Localization of the proto-Kern Canyon fault along the western margin of the youngest belt of plutons, which in the study area corresponds to the 95-84 Ma Domelands suite, led to development of granitic mylonites with S-C fabrics, asymmetric quartz ribbons, sigmoidal feldspar porphyroclasts, and mica fi sh. These are particularly well developed in the Goldledge and Cannell Creek granitic bodies (Fig. 2) . Further south, the western margins of the more expansive Claraville pluton exhibit highstrain blastomylonitic to annealed gneissic textures that only locally display noncoaxial shear fabrics. Lineation orientations within both mylonitized granitic and pendant rocks throughout the length of the shear zone vary from subhorizontal to subvertical, where the steeply plunging sets typically are overprinted by the shallowly plunging sets. Shallower plunging lineations show predominantly dextral motion, and, in some areas where lineations plunge at intermediate values, kinematic indicators show a reverse/dextral-oblique sense of motion. Steeply plunging lineations show both east-side-up shear/displacement as well as signifi cant domains of apparent coaxial ductile strain. Regional structural and age relations suggest that the southern segment of the proto-Kern Canyon fault experienced greater overall reverse/ thrust components of displacement, while the northern segment experienced a longer history of dextral displacement that coincided with the shunting in of Kern Canyon fault dextral motion (Nadin, 2007; Saleeby et al., this volume) .
The structural evolution of the proto-Kern Canyon fault varied along its two segments. The northern segment, where it coincides with the northern Kern Canyon fault, follows the steeply incised N-S-oriented canyon of the Kern River. The earliest brittle deformation along the northern segment is obscured by late Neogene-Quaternary normal-sense remobilization (Nadin, 2007) . The southern segment of the proto-Kern Canyon fault extends southward from its branching point with the Kern Canyon fault at 35.75°N through a series of distinct topographic saddles as it is exposed at progressively deeper levels of the oblique crustal section. Accordingly, its borders become progressively diffuse, and its ductile fabrics merge with regionally pervasive, deep-crustal, high-temperature fabrics. Unlike the Kern Canyon fault (and coincident northern segment of the proto-Kern Canyon fault), the southern segment of the proto-Kern Canyon fault shows no evidence of having been remobilized in late Cenozoic time. However, superposed structures related to latest Cretaceous spe438-15 page 7 extensional modifi cation of the Rand fault system (Wood and Saleeby, 1998; Saleeby, 2003) obscure the kinematic relations along the southernmost proto-Kern Canyon fault. Structural and age relations reviewed here indicate that the ductile deformation history of the northern segment of the proto-Kern Canyon fault outlived that of the southern segment, and that dextral motion along the southern Kern Canyon fault replaced that of the southern proto-Kern Canyon fault as the Kern Canyon fault merged into the proto-Kern Canyon fault from the south.
Dextral Displacement
The dextral displacement history of the proto-Kern Canyon fault entails a complex pattern in the partitioning of motion between the principal trace of the shear zone and both the Kern Canyon fault and the Farewell fault zone. In order to resolve the vertical offset history of the proto-Kern Canyon fault, the subsequent dextral motion must fi rst be backed out. We present here an overview of the constraints on the dextral displacement along the system (after Moore and du Bray, 1978; Ross, 1986; Saleeby and Busby-Spera, 1986; Busby-Spera and Saleeby, 1990; Saleeby and Busby, 1993; Nadin, 2007) . Palinspastic restoration of the dextral displacements is subsequently used as a means to better utilize disrupted spatial variation patterns of the greater Sierra Nevada batholith as markers of vertical displacement and normal shortening across the system. Figure 4 shows a summary of: (1) offset geologic markers along the system; (2) results of local dextral shear-strain profi les along wellexposed transects of the shear zone (after Ramsay and Graham, 1970) ; and (3) a summary of principal dextral/reverse slip-line orientations determined for ductile fabrics. The shear strainderived dextral displacement values are local minimum values for the following reasons. Firstly, many of the S-C mylonites contain composite C surfaces as well as superposed high-strain shear bands. Secondly, sets of late-to postshearing crenulations locally disrupt the principal ductile fabrics of the system. Finally, these analyses omit displacements that took place in the brittle regime as well as along fault surfaces.
We focus fi rst on Kern Canyon fault dextral displacement. Based on the mapping of Ross (1986) , and refi nement of some Ross, 1986 ) and inset map showing locations of traverses along which shear strain was analyzed (after Ramsay and Graham, 1970) . Also shown are dextral displacement components as well as principal slip lines determined in this study for transition zone between southern and northern segments of proto-Kern Canyon fault. Selected plutons are colored to elucidate their displacement patterns along the system. Pluton unit symbols are as on Figure 2 .
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of his contacts and unit designations done in conjunction with pluton geochronology (Saleeby et al., this volume) , we resolve four steeply dipping, plutonic-hypabyssal bodies that all exhibit dextral separations of 12 ± 1 km ( Fig. 4A-4D ). We consider this value to approximate slip because the contacts dip steeply, both to the NE and SW. Note one critical relation shown on the Figure 4 inset: the Kern Canyon fault merges with the proto-Kern Canyon fault in the area where the 86-83 Ma Goldledge mylonitic granite cuts out the ca. 95 Ma Cannell Creek mylonitic granite. Both granites were ductilely sheared under solidus to hot subsolidus conditions, but the Goldledge granite cut the northern end of the Cannell Creek body following the main ductile shear phase of the latter. The Cannell Creek body shows steep east-side-up ductile fabrics that are both domainally overprinted and progressively transposed by ductile dextral fabrics, whereas the Goldledge body shows only pervasive ductile dextral fabrics overprinted by brittle dextral fabrics. Thus, the 12 ± 1 km of Kern Canyon fault dextral slip is interpreted to have been shunted at least in part into Goldledge granite ductile shear, which shows a minimum shear strain-derived dextral displacement of ~4 km (traverse e, Figure 4 inset). The ~8 km displacement defi cit is considered to have occurred both in the ductile as well as superposed brittle shear and faulting regime. Dextral displacement in the ductile regime for pre-Goldledge and pre-Kern Canyon fault time is estimated as the value summed for the a through c traverses on the Figure 4 inset. These values are used in aggregate because they appear to defi ne a profi le across the shear zone along which the cutting out of ductilely deformed rocks by subsequent brittle faulting was minimal. Additional shear strain traverses d through f yield results suggesting comparable dextral displacements, but these are at least in part synGoldledge in age and are clearly bounded by brittle structures. The a through c sum of ~15 km is used provisionally here as the pre-Kern Canyon fault component of proto-Kern Canyon fault dextral displacement.
The map relations of Figure 4 indicate that the total resolvable dextral displacement along the northern segment of the proto-Kern Canyon fault should exceed that of the southern segment by that determined for the Kern Canyon fault (12 ± 1 km). These two displacements sum to ~27 km for the northern segment of the proto-Kern Canyon fault. This value is in agreement with geological relations, which suggest that the Durrwood and Fairview pendants have been differentially sheared and displaced dextrally from the western terminus of the Isabella pendant, and that unit 9 of the Needles intrusive suite may represent the shallow-level equivalent to unit 2 and some phases of unit 3 of the South Fork suite (Saleeby et al., this volume) . It follows to apply dextral-slip values of 12 ± 1 km (southern Kern Canyon fault), ~15 km (southern proto-Kern Canyon fault), and ~27 km (northern proto-Kern Canyon fault/Kern Canyon fault) to the palinspastic analysis herein.
Dextral offsets along the northern Kern Canyon fault (where it overprints the proto-Kern Canyon fault) were estimated to decrease from ~13 km near the Durrwood pendant to as little as 6.5 km at the northern mapped end of the system (Moore and du Bray, 1978) . Later mapping by Ross (1986) refi ned the southern value of this range to 18 ± 2 km. These dextral separation analyses are not in confl ict with the ~27 km of total dextral displacement derived here. The analyses of Moore and du Bray (1978) and Ross (1986) were based on offset plutons intruded primarily over the 89-84 Ma time interval (Chen and Moore, 1982; Saleeby et al., 1990, this volume) . These estimates thus only refl ect the later, post-Cannell Creek increments of displacement. Furthermore, some of the older, smaller offset plutonic bodies used by Moore and du Bray (1978) are poorly constrained in original size and structural orientation and pose a critical problem when vertical offset components are taken into account. Of potentially greater importance, however, is that an unknown but nontrivial component of dextral displacement was also shunted into the Farewell fault zone out of the northern segment of the system (Fig. 1 ).
Resolvable Timing of Displacements
The onset of activity along the proto-Kern Canyon fault is diffi cult to establish because much of its eastern wall was intruded out during its deformational history. Hence, a great deal of its resolvable structural record lies within plutons that form the western margin of the Domelands intrusive suite (Fig. 2) . Busby-Spera and Saleeby (1990) offered a scenario whereby dextral and subordinate vertical motions began as early as the 105-102 Ma eruption and ponding of the Erskine Canyon volcanic sequence. Structural relations between the Needles suite intrusive rocks and the Fairview and Durrwood pendants within and adjacent to the shear zone allow for shear-zone deformation prior to 101 Ma. Because the earliest history of the shear zone is so poorly recorded by observable and testable features, we focus here on the resolvable temporal relations. We return to possible earlier signifi cant activity in the context of alternative scenarios to our preferred integrated displacement model for the system.
Temporal relations in shear-zone kinematics are well recorded in the Cannell Creek, Goldledge, and western margins of the Castle Rock and Claraville members of the Domelands intrusive suite ( Fig. 2 ; Busby-Spera and Nadin, 2007; Saleeby et al., this volume) . The ~12-km-long (ca. 95 Ma) Cannell Creek granite lies within the transition between the southern and northern segments of the shear zone. Hightemperature solidus fabrics of this pluton record steep westdirected reverse-sense shear. These fabrics have been partially overprinted under hot subsolidus conditions with dextral-sense shear bands (Nadin, 2007) . Aureole fabrics of metamorphic pendant rocks next to the Cannell Creek body and within the shear zone preserve a similar structural chronology. Northward along the Cannell Creek body, granitic dikes and transposed intrusive sheets of the 86-83 Ma Goldledge complex cut out the Cannell Creek mylonites. To the east of the Goldledge complex, the 90-87 Ma Castle Rock megacrystic granite grades from mylonitic to protomylonitic to annealed mildly gneissic textures and fabrics over ~2 km eastward into its interior. South of latitude Nadin and Saleeby spe438-15 page 10 35.45°N, an ~1-km-wide zone of proto-Kern Canyon fault ductile deformation along the western margin of the 90-93 Ma Claraville pluton exhibits strong high-temperature deformation fabrics that show both east-side-up reverse and dextral shear components. A relative chronology in downdip versus dextral shear is not clearly resolved in the Claraville member due to large components of apparent coaxial deformation in this region. At one location, a ca. 86 Ma granitic dike that shows little to no ductile deformation sharply crosscuts the deformation fabrics of the western Claraville member, suggesting that ductile shear along this zone ended by 86 Ma. Thus, the age-fabric relations in plutonic rocks within the proto-Kern Canyon fault show that principally downdip ductile shearing had commenced by 95 Ma. This activity was followed by principally dextral-sense shearing with a modest east-side-up reverse component that had ceased by 86 Ma along the southern segment of the shear zone, but that persisted until at least 83 Ma along the northern segment.
The transition from downdip reverse to predominantly dextral shear is recorded in the high-temperature subsolidus history of the Cannell Creek body. The Cannell Creek granite cooled to Ar closure temperatures in hornblende (~500 °C) and biotite (~300 °C) at 89 Ma and 79 Ma, respectively (Wong, 2005) . Both mafi c phases occur in highly annealed quartz-and feldspar-bearing blastomylonitic fabrics. Feldspars are known to weaken and deform in the ductile regime at ~500 °C under typical shear-zone stresses (Post and Tullis, 1999) . Feldspars in the Cannell Creek granite resided in this weakened state as they cooled from solidus conditions within the initial downdip shear fi eld and entered the subsequent dextral shear fi eld. This is evident in annealed textures in both the principal downdip fabrics and in the domainal dextral shear band fabrics. We interpret the hornblende Ar closure age as the approximate shear sense transition age because feldspars were annealing during deformation in the ductile regime. The annealing in the feldspars is in turn overprinted by ductile-brittle deformation that records continued shearing during cooling to lower temperatures. The occurrence of biotite as deformed annealed grains and as seams along late-stage C-surfaces of mylonites, in zones of both domainal and penetrative dextral overprinting, suggests that low-magnitude ductile dextral shear persisted possibly as late as 79 Ma. Ages of closure of the (U-Th)/He system in both zircon and sphene throughout the region at ca. 80 Ma (Maheo, 2007, personal commun.) further suggest that the transition into the brittle regime along the shear zone occurred at this time.
Map relations at the northern end of the Kern Canyon fault system further constrain the dextral offset history of its northern segment. Moore and du Bray (1978) showed that the 84 ± 1 Ma Mount Whitney-Paradise plutonic complex (Chen and Moore, 1982; Saleeby et al., 1990 ) is offset in a dextral sense by ~6.5 km. This offset must correspond to the later half of the Kern Canyon fault 12 ± 1 km of dextral slip, because, it postdates the 86-83 Ma ductile dextral shear phase of the Goldledge mylonite, for the most part. The ductile fabric shear strain of this member, as noted above, records a minimum of ~4 km of displacement (Fig. 4) .
In summary, the resolvable temporal relations of Kern Canyon fault system activity indicate that east-side-up reverse ductile shear initiated as early as 95 Ma along the proto-Kern Canyon fault. This kinematic regime changed, or evolved, to dextral-reverse shear at ca. 90 Ma. By 86 Ma, ductile shear along the southern segment of the shear zone waned or ceased, and ductile to brittle dextral shearing of the Kern Canyon fault was localized along a relatively narrow zone within its southern segment and contemporaneously shunted into the northern segment of the proto-Kern Canyon fault as a zone of ductile shear. Between ~5-6 km of ductile dextral shear progressed between 86 and 84 Ma along the northern segment of the system, and then another ~6-7 km of dextral shear/slip followed. By 80 Ma, the fi nal stages of dextral shearing had entered the brittle regime both as dispersed shear and concentrated faulting.
CONSTRAINTS ON VERTICAL AND HORIZONTAL DISPLACEMENT COMPONENTS
Dextral shear and slip components along the proto-Kern Canyon fault and subsequent Kern Canyon fault are reasonably constrained by mapping and structural analysis, as reviewed already. More cryptic, however, are the earlier reverse/thrust displacements that are also expressed in the ductile fabrics of the proto-Kern Canyon fault. We constrain these downdip and related normal shortening components by compiling pertinent geochemical and petrologic data for the Sierra Nevada batholith and integrating these data with structural constraints. An important part of our compilation employs contouring procedures developed for analysis of large data sets. We summarize here data from several studies of aluminum-in-hornblende igneous barometry (Al-in-hbl), initial 87 Sr/ 86 Sr (Sr i ), and U/Pb zircon ages. Vertical displacement components are constrained by disruption of the regional patterns of Al-in-hbl barometry by the shear zone. One of our main goals in synthesizing the Sr i as well as zircon age data is to combine these with rock compositional relations in the development of a regional primary structural model for the Cretaceous Sierra Nevada batholith and to use deviations from this model in conjunction with the structural relations to better constrain the overall displacement patterns of the proto-Kern Canyon fault. The Al-in-hbl and Sr i data consist of a compilation of published data (complete databases were presented in Nadin, 2007) and a supplement to the pre-existing Al-in-hbl data set from our own determinations (Tables 1 and 2) .
Color contour plots were generated with the Geostatistical Analyst extension of ArcMap TM 9 to determine regional and local variations in Al-in-hbl pressures and Sr i (cf. Fig. 5 for Al-in-hb). An interpolation technique was used to create a continuous data surface based on values in known locations. The contoured data surface is determined by a kriging calculation, which is a weighted moving average method of interpolation. An input of a minimum of three data points simultaneously considered within overlapping 50-km-diameter circles rendered the clearest contour patterns. For the igneous emplacement pressure map, spe438-15 page 11 sparser data sets from quantitative thermobarometric studies of other mineral assemblages (Pickett and Saleeby, 1993; Dixon, 1995; Ague, 1997) were compared to the Al-in-hbl plot for confi rmation. Once the contours were made, they were assigned a color scheme; in this study, the colors were stretched (rather than classifi ed), and they range from lows in the blue tones to highs in the red tones. The same calculations and color scheme were applied to both Al-in-hbl and Sr i data sets. In our fi nal analysis of geochemical and petrologic data, we derived a primary zonation map for the Sierra Nevada batholith for the region south of latitude 38°N and transverse profi les for pluton emplacement pressures and U/Pb zircon ages.
REGIONAL IGNEOUS BAROMETRIC PATTERNS AND VERTICAL DISPLACEMENT ACROSS THE PROTO-KERN CANYON FAULT
Vertical displacement across the proto-Kern Canyon fault is constrained in part by estimates of magma emplacement and crystallization depth. These estimates are derived from Al-in-hbl barometry, which demonstrates empirically (Hammarstrom and Zen, 1986; Hollister et al., 1987) and experimentally (Johnson and Rutherford, 1989; Thomas and Ernst, 1990; Schmidt, 1992; Anderson and Smith, 1995; Ague, 1997 ) that the total Al content of calcic amphibole is linearly related to the depth of emplacement of hosting plutons. The predominance of gabbroic to tonalitic intrusive complexes along the western zone of the Sierra Nevada batholith poses a severe limitation in the application of Al-in-hbl barometry in this region. These complexes rarely contain the complete mineral assemblage of hornblende + quartz + K-feldspar + plagioclase + biotite + sphene + ilmenite/magnetite that is required for the rigorous application of the barometer (Hammarstrom and Zen, 1986; Hollister et al., 1987; Johnson and Rutherford, 1989; Schmidt, 1992; Ague, 1997) . Lack of hornblende also limits this technique for the subvol canic plutons of the Kern River suite, as well as for much of the Domelands intrusive suite. We therefore integrate the available Al-in-hbl barometric data with: (1) quantitative thermobarometric and phase-relation data on contact metamorphic assemblages from pendants, where signifi cant domains preserve equilibration textures; and (2) stratigraphic relations between subvolcanic plutons and hypabyssal-volcanic units. It is also important to note the possibility that during progressive emplacement of plutons, different bodies may migrate in depth relative to one another (cf. Saleeby et al., 2003) without resetting the hornblende barometer. In our samples, we looked for pristine hornblende crystals that lacked textural evidence of disturbance, such as retrograde reactions. Each emplacement pressure was determined from analyses of at least three hornblende grains per sample, and for each hornblende, at least fi ve points were analyzed around its rim, where textural relations indicate equilibrium with quartz. We used the Schmidt (1992) calculation to determine pressure from total Al content, because of the relatively low errors associated with this calculation (±0.6 kbar) and its use in the most recent literature (Ague, 1997; Brady et al., 2006) . In addition to the errors associated with this calculation, another accuracy limitation of the technique related to the possible infl uence of temperature on the pressure determination (Anderson and Smith, 1995; Ague, 1997 ) has been noted. This possible limitation is not a major concern in our analysis, which focuses on the relative values across map-scale pressure gradients and structural breaks for rocks with a limited range of bulk composition and mineral modes. Furthermore, there is agreement (within analytical uncertainty) between Al-in-hbl determinations and data from proximal igneous and metamorphic assemblages for which quantitative thermobarometric and phase-relation determinations have been made, and this agreement occurs over a broad range of determined pressures across the study area. When considered on a whole-batholith scale, the barometric data reveal regional patterns and local anomalies that are consistent with other observations. Ague and Brimhall (1988) assessed pressure of emplacement of plutons in California batholiths, as well as regional variations in bulk chemistry, mineralogy, and mineral compositions. More focused studies have been performed within and adjacent to the study area, mostly in conjunction with quantitative thermobarometric studies of both batholithic and pendant rocks (Pickett and Saleeby, 1993; Dixon, 1995; Ague, 1997; Brady et al., 2006) . We expanded on this database by sampling in the region of South Fork Valley (Fig. 2 ) in order to elucidate systematic local variations and their potential relationships to displacement along the transition zone between the southern and northern segments of the proto-Kern Canyon fault. Hornblende compositions of 15 new samples from granodioritic rocks were measured by electron microprobe. Eight analyses were performed on a JEOL JXA-733, and seven analyses were performed on a recently acquired JEOL JXA-8200. Instrumental error was far outweighed by the accuracy limitations of ±0.6 kbar. The new data are presented in Table 1 , and these data are added to the regional database and contoured on Figure 5 . It is important to note that this compilation includes data from Jurassic-Triassic as well as Cretaceous members of the Sierran arc. Figure 5 reveals a general west-to-east decrease and a north-to-south increase in igneous emplacement pressures. The steep north-to-south gradient along the southernmost region shows the oblique crustal section of the Sierra Nevada batholith. The low pressures determined for the domain along the eastern Sierra crest region are corroborated by the presence of relatively intact mid-Cretaceous silicic volcanic sections that lie unconformably on lower Mesozoic-Paleozoic pendant rocks (Fiske and Tobisch, 1994) , as well as vent phases in some of the larger eastern plutons (Coleman and Glazner, 1998 ). An increase in pressures to as high as ~4 kbar along the eastern crest centered over latitude ~37.5°N refl ects emplacement pressures determined primarily in Jurassic-Triassic plutons of that area. The signifi cance of these higher pressures in the context of the depth patterns of the Cretaceous batholith is diffi cult to assess.
The general eastward decrease in pressures across the Cretaceous batholith may be interpreted to mark the progressive unroofi ng of the older, more westerly zones of the Sierra Nevada batholith as magmatism progressed eastward through Late Cretaceous time. In terms of the higher-volume Cretaceous plutonic units, taken at east-west extremes, this would correspond to a maximum of ~3 kbar of synbatholithic exhumation along the western zone over an ~25 m.y. time interval. Given a depth of exposure-igneous pressure conversion of 3.64 km overburden/ kbar (assuming a bulk density of 2695 kg/m 3 ), this corresponds to an integrated exhumation rate of 0.44 mm/yr. This exhumation rate is an order of magnitude faster than that determined regionally by low-temperature thermochronological studies for the southern Sierra's postmagmatic history, stretching from latest Cretaceous time to the late Neogene uplift of the modern range (Clark et al., 2005) . It is also about one order of magnitude slower than the rate determined for the initial Late Cretaceous exhumation of the southernmost Sierra Nevada batholith oblique crustal section (Saleeby et al., 2007) . The faster exhumation rate in Late Cretaceous time, compared to that of latest Cretaceous to Late Neogene time, may also be correlated to the internal deformation of the Sierra Nevada batholith crust as recorded by the proto-Kern Canyon fault and other ductile shear zones that deform the central Sierra Nevada batholith (Table 3) .
The north-to-south increase in pressures along the southern Sierra Nevada batholith follows different gradients in opposing walls of the proto-Kern Canyon fault. This in and of itself indicates some component of vertical displacement across the fault. The pressure gradient across the proto-Kern Canyon fault between latitudes ~35.2°N and 35.8°N and its attendant implication of vertical displacement form the focus of Figure 6 , which is a palinspastic restoration of dextral displacements along the Kern Canyon fault system keyed to the displacement constraints given in Figure 4 . This restoration assumes that dextral displacement postdated most of the vertical displacement, which is supported by the age and structural relations discussed already. Accordingly, the proto-Kern Canyon fault is shown as a west-directed reverse or thrust fault on Figure 4 . Al-in-hbl barometric and available peak contact metamorphic quantitative thermobarometric Figure 5 . Contour plot of igneous emplacement pressures for autochthonous batholithic rocks, determined from Al-in-hbl measurements (outlined in black: allochthonous batholithic rocks of the Blackburn Canyon fault [Wood and Saleeby, 1998 ] and batholithic exposures south of the Garlock fault). In general, values decrease from west to east and increase from north to south, but this pattern is complicated in the southern part of the batholith in the vicinity of the proto-Kern Canyon fault. All data and sample locations are presented in Nadin (2007) , and new data are presented in Table 1 . Tikoff and Greene (1994) 3. Figure 4 , except pink region shows area where Goldledge and Castle Rock members of Domelands suite will be emplaced during dextral displacement postdating this view. Plotted on this map are the derivative locations of igneous and peak contact metamorphic barometric determinations from Al-in-hbl and GASP-garnet-Al 2 SiO 5 -plagioclase-quartz and GRAIL-garnet-rutile-Al 2 SiO 5 -ilmenite-quartz (after Ague and Brimhall, 1988; Dixon, 1995; Brady et al., 2004 ; this study). Corridors show grouping of barometric data points used for profi les of Figure 7 . Sample locations given in Table 2. data points are plotted in their restored positions. The restoration is truncated at latitude ~35.2°N because structural and age relations for the deeper-level rocks south of this area require a more complex restoration. Note that SSW-directed extension and clockwise rotation must accompany restoration of dextral slip along the southernmost Kern Canyon fault, and that south of the King Solomon Ridge shear zone (Fig. 2) , extensional and sinistral remobilization(s) of the proto-Kern Canyon fault are poorly constrained (Kanter and McWilliams, 1982; Wood and Saleeby, 1998; Saleeby et al., 2007) .
The fi rst-order feature that arises from the Figure 6 restoration is an ~40-km-long zone along which the Erskine Canyon vol canic sequence and its (Kern River) subvolcanic intrusives are juxtaposed across the proto-Kern Canyon fault against deeper-level rocks of the South Fork and Domelands suites. Stratigraphic and structural relations constrain formation of the volcanic and shallow intrusive sequence to within a vertical interval from ~6 km deep to surface levels (Saleeby et al., this volume) . This juxtaposition indicates substantial east-side-up displacement across the proto-Kern Canyon fault corresponding to as much as 3-4 kbar. However, it ignores possible downward displacement of the Erskine Canyon sequence during intrusion of the Bear Valley and Needles suites (cf. Saleeby et al., 2003) . Thus, 3-4 kbar is considered to be a maximum possible value for the pressure jump across the shear zone in this location. A more conservative estimate is gained by projecting the geobarometric data that are plotted on the palin spastic base within the two ENE-WSW-oriented corridors onto profi les that traverse the proto-Kern Canyon fault (Fig. 7) . The data arrays have considerable scatter but clearly show the effects of east-side-up displacement. Linear regressions for each of the hanging wall and footwall arrays are shown as a means to interpret the data. The intersection of the footwall and hanging wall linear trends with the proto-Kern Canyon fault for the northern profi le suggests an ~1.8 kbar jump across the shear zone, while that of the southern profi le suggests a jump of only ~0.5 kbar. We provisionally favor the displacement suggested by the northern profi le because of the poorly constrained magnitude of extensional modifi cation of the proto-Kern Canyon fault and its footwall in the region Table 2 . Linear regressions through points west and east of the proto-Kern Canyon fault in the northern profi le a suggest ~1.8 kbar east-side-up displacement across the proto-Kern Canyon fault. In the southern profi le, displacement is ~0.5 kbar.
south of the King Solomon Ridge shear zone (Wood and Saleeby, 1998) . Taking 4 kbar from the Erskine Canyon suite relationships as the maximum value and 1.8 kbar from the northern paleopressure profi le as the minimum, and using the rock over burden conversion factor of 3.64 km/kbar, we constrain the east-side-up displacement component to within the range of ~10 ± 5 km. We give highest confi dence to this value in the South Fork Valley area, where geobarometric data are most abundant.
It is important to consider the application of the ~10 ± 5 km value of vertical displacement across the shear zone to regions to the north and south of the South Fork Valley area. Shear-zone fabrics suggest that the vertical displacement components of the shear zone diminish northward. Inspection of Figure 6 shows this to be a predicted result of the shear-zone structural chronology presented earlier. In the time frame of the restoration (90-95 Ma), much of the Domelands suite along the northern hanging wall area had yet to be emplaced. Thus, any substantial vertical displacements across the shear zone in the area to the north occurred between the footwall and framework rocks for the younger phases of the Domelands suite, which were subsequently displaced by progressive magma injection. To the south, as noted already, extensional overprints complicate the analysis. In addition to the King Solomon Ridge shear zone disrupting footwall structural integrity, other extensional structures, such as the North Walker Basin fault (Fig. 2) , have modifi ed structural relief across the shear zone (Maheo et al., 2004; Nadin, 2007) . Furthermore, in the following, we discuss evidence suggests that normal shortening components across the shear zone increase markedly southward toward the southern terminus of the shear zone. This leads us to suspect that vertical displacements also remained high, on the order of ~10 km, and that the apparent decrease in vertical components from the northern to the southern profi le on Figure 7 is an artifact of both footwall extensional modifi cation and possible generation of differential structural relief in footwall and hanging wall domains during initial normal shortening deformation. We now turn our attention to constraining normal shortening components across the proto-Kern Canyon fault.
REGIONAL SPATIAL VARIATION PATTERNS IN SIERRA NEVADA BATHOLITH PETROLOGY AND GEOCHEMISTRY
The Sierra Nevada batholith has been well characterized in terms of regional spatial variation patterns in bulk composition, age, and Sr, Nd, Pb, and O isotopes. Extensive published data sets exist for Sr i and U/Pb zircon ages. Regional spatial variation patterns in Sr i track with isotopic variation patterns of Nd, Pb, and O, and these in general refl ect geographic variation patterns in magma source regimes (cf. DePaolo, 1981; Kistler, 1990) . We briefl y review these patterns from the perspective of Sr i and show that they are disrupted by the proto-Kern Canyon fault. We also show that spatial variation patterns in U/Pb zircon ages are likewise disrupted by the proto-Kern Canyon fault. Pursuing the spatial variation patterns and their proto-Kern Canyon fault-related disruptions further, we develop a regional primary structural model for the Sierra Nevada batholith, and use deviations from this model to constrain the magnitude of proto-Kern Canyon fault-related disruptions with a focus on arc-normal shortening components.
Regional Variation Patterns in Sr i
The application of radiogenic isotopic data to the mapping of spatial variations in magma source regimes and possible crustal assimilation components in regional composite batholiths was applied fi rst to the Sierra Nevada batholith (cf. Kistler and Peterman, 1978; DePaolo, 1981) . Since these seminal works, there has been a continuously growing database of isotopes for the Sierra Nevada batholith, and for Sr i in particular. Contouring of this Sr i data for the Sierra Nevada batholith shows a general smooth transition from values as low as 0.7037 in the west to as high as 0.7093 in the east (Fig. 8) . This transition has been interpreted to refl ect the relative contributions of different lithosphere types to the batholith source regime, with limited upper-crustal contributions (cf. Kistler and Peterman, 1978; Kistler, 1990) . Low Sr i values along the west side refl ect a predominance of Paleozoic oceanic lithosphere in the magma source, while higher values to the east represent significant contributions from North American continental lithosphere. The steepness of the Sr i gradient along the west side mimics the late Paleozoic truncation zone along which Paleozoic oceanic lithosphere was emplaced by transform faulting prior to the establishment of the Mesozoic active margin (Davis et al., 1978) . The Mesozoic active margin subsequently nucleated along the transform zone (Saleeby, 1981 (Saleeby, , 1992 . This steep gradient also mimics fundamental structural breaks in protolith stratigraphy of western wall rocks and pendants. The wedge-shaped domain of low Sr i values in the extreme southeast Sierra refl ects plutons emplaced into a fault sliver of transitional Paleozoic lithosphere that was displaced southward in the late Paleozoic transform truncation zone (Davis et al., 1978; Behr et al., 2006) .
The smooth spatial variation in Sr i refl ect prebatholithic, lithosphere-scale structures that have been geochemically "fossilized" into the current crustal structure by large-volume magmatism. In contrast, some sharp variations refl ect structural modifi cations tectonically imposed on the primary batholithic structure. For example, the extreme westward defl ection of relatively high Sr i values along the southernmost Sierra Nevada is a result of allochthonous eastern zone Sierra Nevada batholith rocks lying in upper plates of the southern Sierra detachment system (Wood and Saleeby, 1998) , generalized on Figures 2 and 3 as the Blackburn Canyon and Pastoria faults. An analogous superimposed structural modifi cation is expressed along the southern segment of the protoKern Canyon fault. Close inspection of Figure 8 reveals that the Sr i = 0.706 isopleth trends into the proto-Kern Canyon fault at ~35.5°N and that these two features coincide south of this latitude. We interpret this coincidence to be the result of the tectonic disruption of primary batholithic structure across the proto-Kern Canyon fault. To support this hypothesis, we present a synthesis of U/Pb zircon age data for the southern Sierra Nevada batholith. 
U/Pb Zircon Age Variation Patterns
Large data sets of U/Pb zircon ages have been published for the Sierra Nevada batholith (Saleeby and Sharp, 1980; Stern et al., 1981; Chen and Moore, 1982; Saleeby et al., 1987b Saleeby et al., , 1990 Saleeby et al., , 2007 . We constructed several profi les from these and other smaller data sets across the central to southern Sierra Nevada batholith at different latitudes in order to compare trends in pluton U/Pb zircon ages (Fig. 9) . The central to southern Sierra Nevada batholith was divided into four transverse corridors, and the values of concordant U/Pb zircon ages for Cretaceous plutons were projected onto their respective profi les. The positions of the protoKern Canyon fault and the possibly correlative Sierra Crest dextral shear system of the central Sierra Nevada batholith (Tikoff and Greene, 1994; Tikoff and Saint Blanquat, 1997) are also shown on these profi les. In the central Sierra Nevada batholith, Cretaceous magmatism migrated eastward through time at an apparent rate of ~3 mm/yr (Chen and Moore, 1982; Figs. 9Aand 9B) . This pattern is typical of the zonation for the bulk of the Sierra Nevada batholith. It is important to note that Early Cretaceous plutons are found along the eastern domains of these profi les, but, like Jurassic and Triassic plutons, these are parts of the country rock framework that were disrupted and differentially displaced during the eastward progression of higher-volume Late Cretaceous magmatism.
An inspection of profi les A and B on Figure 9 reveals that there is no disruption in the eastward-younging trend in the northern part of the batholith, even across the Sierra Crest shear system. This is not true across the proto-Kern Canyon fault. The Proto-Kern Canyon Fault Figure 9 . Zircon U/Pb ages plotted as a function of distance across the Sierra Nevada batholith. Between latitudes (A) 38°N to 37°N; (B) 37°N to 36.5°N; and (C) 36.5°N to 35.5°N, zircon U/Pb ages follow a general, eastward-younging trend of 2.7 mm/yr (Chen and Moore, 1982) . Across the proto-Kern Canyon fault, between latitudes (D) 35.5°N to 34.9°N, the greater Sierra Nevada batholith trend is disrupted. In A, B, and C, the greater Sierra Crest shear system and related smaller shear zones seem to be passively marked in progressive intrusions, while to the south, along D, the proto-Kern Canyon fault seems to actively disrupt the batholith during the youngest stages of intrusive activity. Open circles in profi le C are dikes and small tabular intrusives of the Goldledge granite. (Figure is after Saleeby and Sharp, 1980; Stern et al., 1981; Chen and Moore, 1982; Chen and Tilton, 1991; Saleeby et al., 1987b Saleeby et al., , 1990 Saleeby et al., , 2007 Pickett and Saleeby, 1994; Tobisch et al., 1995; Clemens-Knott and Saleeby, 1999; Coleman et al., 2004.) spe438-15 page 19 contrasts between the age profi les of A and B versus C and D to a fi rst order refl ect the disruption of the southern Sierra Nevada batholith by the proto-Kern Canyon fault. The distinct spike in ages immediately east of the proto-Kern Canyon fault on profi le C corresponds to the dikes and structurally concordant intrusive sheets of the Goldledge granite, which were emplaced into the shear zone during the later phases of its ductile deformation history. These age data are shown as open circles, and unlike the other data points, they refl ect relatively trivial volumes of magma emplacement. Otherwise, profi le C follows the same generally smooth, eastward-younging trend of profi les a and B. Profi le D, the data of which envelop the southern ~30 km of the proto-Kern Canyon fault, exhibits a very different pattern, with a distinct age jump across the proto-Kern Canyon fault that corresponds to almost 10 m.y. of missing plutonic activity along the shear zone. This step in ages of pluton emplacement across the southern proto-Kern Canyon fault is attributed to east-west crustal shortening across the shear zone that faulted out and possibly attenuated a signifi cant internal (axial) zone of the Sierra Nevada batholith. In order to give a more quantitative sense of the scale of this structural omission, we integrated the regional U/Pb zircon age and Sr i data with other petrologic and structural constraints in the development of a regional primary structural model for the Sierra Nevada batholith.
Primary Zonation of the Southern Sierra Nevada Batholith and Its Disruption by the Proto-Kern Canyon Fault
One of the fi rst-order structural features of the southwest Cordilleran batholithic belt is a regional transverse zonation pattern refl ected in bulk composition, radiogenic isotopic compositions, and ages of pluton emplacement (cf. Moore, 1959; Silver et al., 1979; Saleeby, 1981 Saleeby, , 2003 . Profound contrasts in pendant and wall-rock stratigraphic sequences also track with this zonation pattern, which typifi es the Cretaceous Sierra Nevada batholith as well as the southern California batholith and Peninsular Ranges batholith further to the south. At regional scales, the lithologic expression of this transverse compositional gradient in the regional batholithic belt is a western zone rich in mafi c and tonalitic rocks, an axial zone rich in tonalitic and granodioritic rocks, and an eastern zone rich in granodioritic to granitic rocks.
The covariation in batholithic parameters outlined here can be used to divide the Sierra Nevada batholith into western, axial, and eastern zones (Fig. 10) . The boundary between the western and axial zones is best defi ned by the Sr i = 0.706 isopleth. This roughly corresponds to the ca. 100 Ma isopleth in zircon ages, and, in the study area, this primary boundary corresponds to the intrusive contact zone between the Bear Valley suite and the Needles and Kern River intrusive suites (Fig. 2) . This boundary also roughly corresponds to the "quartz diorite boundary line" of Moore (1959) . The axial zone is further defi ned as containing a distinct belt of pendants with remnants of mid-Cretaceous silicic metavolcanic sequences and associated hypabyssal intrusives (Burnett, 1976; Nokleberg, 1981; Saleeby et al., 1990; Kistler, 1993) . In the study area, such rocks include the Kern River intrusive suite and its overlying Erskine Canyon silicic volcanic sequence. The boundary between the axial and eastern zones is defi ned by the western intrusive boundary of the largevolume, terminal-phase composite granitoid plutons of the eastern Sierra Nevada batholith. These large-volume plutons not only represent the youngest plutonic systems of the com posite batholith, but they are petrologically, structurally, and isotopically distinct. They are petrologically distinguishable from other Sierra Nevada batholith granitoids by major late phases of distinct K-feldspar megacrystic granites. Examples include the Castle Rock and parts of the Claraville plutons in the study area, and the Mount Whitney, Cathedral Peak, and Sonora Pass plutons to the north (cf. Kistler, 1993; Coleman and Glazner, 1998) . Isotopically, this belt of plutons is distinct because its initial Pb values, which otherwise track with Sr i through the rest of the batholith, diverge from the regional trends by decreasing toward the east (Chen and Tilton, 1991; Saleeby et al., this volume) . Structurally, the eastern zone plutons are distinct because they are bounded to the east by, and host inclusions of, Jurassic and Triassic plutons (Evernden and Kistler, 1970; Stern et al., 1981; Chen and Moore, 1982) . Groups of small plutons and their pendant rocks, which collectively belong to the axial zone, also occur as inclusions in the eastern zone.
The relations between the batholithic zones of Figure 10 and the Late Cretaceous intra-arc ductile shear zones that are also shown on the fi gure further highlight the importance of the proto-Kern Canyon fault. While central Sierra Nevada batholith shear zones such as the Bench Canyon, Long Lake, Sawmill Lake, and the composite Sierra Crest shear system do not disrupt the primary zonation pattern of the Sierra Nevada batholith, the proto-Kern Canyon fault defi nes a fundamental boundary along which the eastern zone truncates the axial and western zones progressively southward. We assert that this relationship refl ects a profound tectonic disruption of the regional primary structure of the Sierra Nevada batholith by the proto-Kern Canyon fault. We hypothesize that this disruption included an important component of progressively greater crustal shortening southward along the proto-Kern Canyon fault via east-side-up reverse and thrust displacement. Noting that the typical across-strike width of the primary axial zone north of latitude 36°N is ~25 km, we further hypothesize that along its southern reaches, as much as ~25 km of batholithic crust was faulted out along the shear zone. In our fi nal synthesis, we will present an integrated displacement model for the Kern Canyon fault system, whereby such crustal shortening is integrated with the dextral and vertical displacement components discussed already. We will compare temporal and kinematic relations of the displacement model to those of the central Sierra Nevada batholith shear zones. Finally, we will present an alternative model that excludes the large crustal shortening component that is suggested by the previous analysis, but that unfortunately must rely on earlier, yet-to-be resolved major dextral displacements along the proto-Kern Canyon fault (cf. Busby-Spera and . (Wood and Saleeby, 1998) .
INTEGRATED DISPLACEMENT MODEL FOR THE KERN CANYON FAULT SYSTEM
We have used conventional structural analysis and kinematic data to constrain dextral shear strain and displacement patterns along the proto-Kern Canyon fault and Kern Canyon fault system (Figs. 4 and 6) , and we have used the disruption of regional petrologic and geochemical spatial variation patterns to further constrain relative vertical displacement and possible normal shortening components across the system. General constraints on the timing of these deformation components based on geochronological data have also been reviewed. Next, we use these constraints to develop an integrated displacement model for the system. We assume that the primary zonation pattern of the Sierra Nevada batholith, which is well preserved north of latitude ~35.5°N (Fig. 10) , extended southward to and beyond the southern terminus of the Sierra Nevada batholith. Indeed, strong arguments may be offered that such a zonation pattern continued southward through the southern California batholith, as well as the Peninsular Ranges batholith (cf. Saleeby, 2003) . The alternative view, that the axial zone simply did not extend southward along the entire length of the Sierra Nevada batholith, is diffi cult to accept. First, this zone is clearly tectonically truncated by the proto-Kern Canyon fault (Fig. 10) . Second, this view would also imply that a hiatus in magmatism of ~10 m.y. (Fig. 9D ) occurred in the area coincident with the onset of an orogen-scale maxima in magmatic fl ux rates (Ducea, 2001; Saleeby et al., this volume) . We are thus left with a profound tectonic disruption of the primary batholithic structure by the southern proto-Kern Canyon fault as the most reasonable explanation.
It is helpful to defi ne two periods in the history of the protoKern Canyon fault, one clearly resolvable and one more cryptic. The resolvable history is recorded primarily within the shear zone's eastern wall Domelands intrusive suite and its pervasively deformed pendant rocks. This 95-80 Ma tectonite assemblage records various components of dextral and east-side-up reverse/ thrust shear in its deformation fabrics. To the west, structural relations within and between the Fairview and Durrwood pendants and the Needles suite intrusive rocks (Nadin, 2007) , and to the south, structural-stratigraphic relations of the Erskine Canyon volcanic sequence (Busby-Spera and , suggest a possible earlier deformation history along the shear zone. This cryptic history is pre-Domelands suite in age, and it is at least in part coincident with the 102-105 Ma eruption of the Erskine Canyon sequence. The possibility of such a cryptic deformational phase along the system leads us to consider that the resolvable component of the displacement history is only the fi nal deformational episode of the system.
Our integrated displacement analysis focuses in detail on the area shown in Figure 6 and at regional scales in Figure 10 . Resolvable dextral displacement components of ~15 km along the proto-Kern Canyon fault between 95 and 86 Ma, and then an additional 12 ± 1 km of dextral slip along the Kern Canyon fault-northern proto-Kern Canyon fault between 86 and 80 Ma, are given high confi dence. Within the South Fork Valley area, a value of ~10 ± 5 km of east-side-up reverse shear/displacement, primarily between 95 and 90 Ma, is also given high confi dence. This substantial vertical displacement component decreases northward along the shear zone to beyond resolution with the current data within an ~30 km distance from the South Fork Valley area. Near its southern terminus, extensional modifi cations have masked vertical displacement components along the shear zone. In our preferred model, we interpret vertical components to have remained high southward, in conjunction with the cutting out of the Sierra Nevada batholith axial zone. This leads us to our preferred interpretation: in its southernmost reaches, the shear zone cut out perhaps as much as ~25 km of axial Sierra Nevada batholith crust in conjunction with its 95-90 Ma east-side-up reverse/ thrust displacement phase. The correspondence of this crustal shortening phase in time with the subduction megathrust phase of displacement along the Rand fault system (discussed later), and the physical continuity of the southern proto-Kern Canyon fault with lower-crustal tectonites of the Rand fault system lead us to assert that the overall displacement fi eld proximal to the southernmost proto-Kern Canyon fault was of large enough magnitude, and of the correct kinematic sense, to drive up to ~25 km of arc-normal crustal shortening.
The realization of potential cryptic dextral displacements of substantial magnitude along the proto-Kern Canyon fault that predate the shear zone's resolvable history leads us to consider an alternative model for the tectonic truncation of the Sierra Nevada batholith axial zone. Hypothetical large-magnitude dextral displacements of Early Cretaceous age have been suggested for the axial Sierra Nevada batholith region (Lahren and Schweickert, 1989; Wyld and Wright, 2001 ). Vestiges of this older structure could be preserved within the Fairview and Durrwood Creek pendants, and within the Erskine Canyon volcanic sequence. If so, the older structure could conceivably have operated synmagmatically within, and progressively truncated and displaced part of, the Sierra Nevada batholith axial zone. The widest reaches of the axial zone (latitudes ~36.35°N-36.9°N) could have, in this case, been tectonically widened by the strike-slip accretion of axial zone rocks displaced from the south. Such intrabatholithic dextral shearing conceivably could have progressed in time and space into the eastern zone terminal large-volume magmatic phase, for which many structural relations have been cited as evidence for emplacement within a dextral shear fi eld (Saleeby, 1981; Tikoff and Saint Blanquat, 1997) . This alternative model predicts that future detailed mapping within the axial zone north of 36°N will reveal additional dextral shear zones. However, such a distinct Early Cretaceous dextral shear system would require a punctuated phase of normal shortening strain across the system that intervened before the onset of the resolvable dextral shear phase of the proto-Kern Canyon fault as well as that of the Sierra Crest shear system.
Despite the possibility of large-magnitude dextral offsets during an early cryptic phase of proto-Kern Canyon fault history, nontrivial normal shortening components are recorded in fabrics of the shear zone where they also record east-side-up reverse shear between 95 and 90 Ma. One explanation for this is that the already existing large-magnitude strike-slip fault was highly susceptible to concentrating normal shortening strains during a 100-90 Ma regional phase of intensifi ed normal compression. For some reason, shortly after this normal shortening phase, the southern segment of the proto-Kern Canyon fault became inactive, and the ensuing dextral-slip history was routed along the Kern Canyon fault and northern segment of the proto-Kern Canyon fault. This profound transition of the system's behavior appears to correspond in time with a profound change in the kinematics of the Rand fault system. Between 90 and 86 Ma, the Rand fault changed from a low-angle subduction megathrust to a regional extensional décollement system along which the underplated accretionary complex ascended back out to the southwest, presumably in a return fl ow channel (Malin et al., 1995; Saleeby, 2003; Saleeby et al., 2007) . At higher crustal levels above the Rand fault of the southernmost Sierra region, the Blackburn Canyon and Pastoria detachment plates (Fig. 10) were transported southwestward in response to this kinematic reversal (Wood and Saleeby, 1998; Saleeby, 2003) . This is suggested to have been the result of the transfer of extensional strain into the upper crust via coupling with the regional (Rand) décollement below.
We envisage two kinematic regimes that may have worked in series, or possibly with temporal overlap, which resulted from the reversal in the principal kinematics of the Rand fault system, and which drove the coincident kinematic changes in the protoKern Canyon fault and subsequent Kern Canyon fault system. First, with the progressive lower-crustal distortion of the southern proto-Kern Canyon fault as it merged with the Rand fault, its southern segment was reoriented into an unfavorable geometry for it to effi ciently partition the dextral component of oblique subduction. Figure 1 shows that the southern Kern Canyon fault and northern proto-Kern Canyon fault considered together trend in a more favorable orientation for playing such a kinematic role. Second, Figure 10 shows that normal-sense extensional shear and fault zones are concentrated in the panel of rocks between the Kern Canyon fault and the southern segment of the protoKern Canyon fault, and that these run at high angles to the major structures. Many, and perhaps all, of these structures began their displacement history prior to 80 Ma (Maheo et al., 2004; Nadin, 2007) . This leads to the possibility that the Kern Canyon fault and parts of the southern segment of the proto-Kern Canyon fault acted as transfer faults that bounded differentially SW-extending parts of the southernmost Sierra Nevada batholith. Such SWdirected extension in the upper plate of the Rand fault system was presumably coupled to the SW-directed return fl ow of the underplated accretionary complex of the Rand fault lower plate. Note also by comparing Figures 5 and 10 that the extensional structures bridging the Kern Canyon fault and proto-Kern Canyon fault and ( similar structures to the northeast of the proto-Kern Canyon fault) are dispersed across the steepest gradients in pluton emplacement depths. This is consistent with arguments in favor of extensional denudation contributing signifi cantly to the exhumation of the oblique crustal section (Malin et al., 1995; Wood and Saleeby, 1998; Saleeby, 2003; Saleeby et al., 2007) . Finally, it is important to note that seismic imaging of the Rand Fault system beneath the southernmost Sierra Nevada batholith shows that the Rand fault dips northward and projects to Moho depths at latitude ~35.5°N. Thus, its northward diminishing effects on southern Sierra uppercrustal structure, as implicit in the model we present here for the Kern Canyon fault system, are predicted by gross crustal structure. We focus now on the broad kinematic and temporal relations of the Kern Canyon fault system in comparison to other major structural systems of Cretaceous age that deformed the primary structure of the Sierra Nevada batholith.
TEMPORAL AND KINEMATIC PATTERNS OF REGIONAL LATE CRETACEOUS DEFORMATIONS OF THE SIERRA NEVADA BATHOLITH
The Kern Canyon fault system lies along what may be considered a north-to-south regional deformation gradient in the Sierra Nevada batholith crust. To the south and continuing into the southern California batholith, most of the Cretaceous batholith and all of its underlying mantle wedge are highly disrupted or gone (Saleeby, 2003) . Batholithic rocks along the southern proto-Kern Canyon fault are highly deformed and disrupted, and along the northern proto-Kern Canyon fault, they are notably deformed and disrupted. Further north, the Sierra Nevada batholith is much more intact, and mantle xenolith studies indicate that its underlying mantle wedge remained intact at least through much of Neogene time (Ducea and Saleeby, 1998; Ducea, 2001; Saleeby et al., 2003) . This north-to-south deformation gradient is also refl ected in the order-of-magnitude increase in Late Cretaceous exhumation rates in the southernmost Sierra versus the central Sierra region, discussed earlier. Despite the overall structural coherence of the central Sierra, numerous ductile shear zones cut the batholithic rocks of the region (Fig. 10) . The regional deformation gradient in the Sierra Nevada batholith crust is a direct result of Late Cretaceous shallow slab subduction beneath the southern California batholith and its transition into the southernmost Sierra Nevada batholith. In Table 3 , we summarize what is known about the timing and kinematics of Late Cretaceous shear zones that cut the southern to central Sierra Nevada batholith. The resolvable history for the proto-Kern Canyon fault is shown fi rst for comparison, followed by structures that record primarily arc-normal shortening strains, and fi nally by those structures recording dextral transpression. Many of these shear zones, like the Long Lake and others that show transpressional deformation, have fabric relations like those exhibited in the Cannell Creek granite and its wall rocks, with early stage steep lineations commonly indicating east-side-up shear and later-stage subhorizontal lineations indicating dextral shear. In terms of temporal relations, the arc-normal shortening group was active primarily between 102 and 90 Ma, and locally as late as 88 Ma. Temporal constraints on the transpressional group lie primarily in the 88-80 Ma time interval.
The temporal and kinematic data summarized in Table 3 indicate an intra-arc deformational history distributed across the central Sierra Nevada batholith similar to that which is concentrated along the proto-Kern Canyon fault in the southern Sierra Nevada batholith. Most notably, there is a transition from predominantly arc-normal shortening with subordinate dextral transpression to predominantly dextral transpression at ca. 90 Ma, lasting until ca. 80 Ma. Increased coupling between upper and lower subduction plates during the onset of the Laramide orogeny by Farallon slab fl attening at ca. 100 Ma (cf. Dickinson and Snyder, 1978) conceivably drove arc-normal shortening across shear zones, followed and possibly compounded by an increase in subduction obliquity (Engebretson et al., 1985) leading to the subsequent transpressional phase. These evolving subduction parameters worked in conjunction with the generation of arc magmas within an ~100-km-thick fertile mantle wedge environment throughout the greater Sierra Nevada batholith (Ducea and Saleeby, 1998; Ducea, 2001; Saleeby et al., 2003) . In contrast, beneath the southernmost Sierra Nevada batholith and adjacent southern California batholith, the Farallon plate took a much shallower and fl atter subduction trajectory. This led to shearing off of the mantle wedge in this region and the subsequent underplating of an accretionary complex that was displaced down the shallow subduction zone from the Franciscan trench (Grove et al., 2003; Saleeby, 2003) . Proximal to this environment, arc-normal shortening and subsequent transpression were concentrated along the proto-Kern Canyon fault. This structure appears to have emerged northward out of the Rand shallow-subduction megathrust, like a crustal-scale lateral ramp, and it followed the boundary between older solidifi ed plutons to the west and actively growing plutons to the east. As suggested by Tikoff and Greene (1994) and Tikoff and Saint Blanquat (1997) , the northern proto-Kern Canyon fault may have stepped eastward into the magmatically active eastern batholithic zone to join the transpressional shear zones that link up to form the Sierra Crest shear system (Fig. 10 ), but this is yet to be fi rmly documented. Finally, the relations summarized in Table 3 have important implications for the possible early history of the proto-Kern Canyon fault, if large cryptic dextral displacements are to be invoked for the truncation of the Sierra Nevada batholith axial zone. The initial resolvable east-side-up reverse/ thrust history of the system, postdating the cryptic history, in this case refl ects the shear zone's response to the same intensifi ed normal compression pulse to which the Quartz Mountain, Kaiser Peak, Courtright-Wishon, Long Lake, and Sawmill Lake shear zones appear to have responded. Immediately thereafter, the proto-Kern Canyon fault resumed its dextral transpression history coincident with that of the Sierra Crest shear system.
SUMMARY AND CONCLUSIONS
In the southern Sierra Nevada batholith, a regional ductile shear zone, the proto-Kern Canyon fault, was localized along a zone that separated Late Cretaceous plutons to the east from Early to mid-Cretaceous plutons to the west. Shear-zone activity progressed while the Late Cretaceous plutons were emplaced and cooled from solidus to hot subsolidus conditions. Conventional structural analysis resolves a dextral displacement of ~27 km along the northern segment of the shear zone. To the south, such displacement was partitioned into an ~15 km component along the southern segment of the shear zone, and an ~12 ± 1 km component along the Kern Canyon fault, a southward-projecting ductile-brittle branch that extends southwestward from the composite proto-Kern Canyon fault and subsequent Kern Canyon fault system to the north. The southern segment of the proto-Kern Canyon fault exhibits early fabrics that indicate substantial eastside-up reverse shear/displacement overprinted by fabrics that indicate oblique dextral-reverse shear and subsequent dextral shear. Fabrics along the northern branch exhibit primarily dextral shear with minor east-side-up reverse components. Ductile deformation began along the shear zone by 95 Ma, and it appears to have ceased or waned substantially along the southern segment by 86 Ma, after which it persisted along the northern segment in conjunction with Kern Canyon fault dextral motion until ca. 80 Ma.
Despite being able to constrain the dextral displacement history of the shear zone to a reasonable degree of confi dence by conventional structural analysis, geologic markers that could constrain vertical displacements and horizontal shortening components across the shear zone are less obvious. We utilized large data sets in igneous (Al-in-hb) barometry, U/Pb zircon ages, and Sr i to help constrain these deformational components. The igneous barometric data, when coupled with other barometric systems and pendant stratigraphic relations, suggest ~10 ± 5 km of east-side-up vertical throw along the southern segment and its transition into the northern segment of the shear zone. Vertical throw diminishes northward in concert with the apparent disappearance of vertical shear deformation fabrics. The Sr i data, when integrated with pluton petrologic and age data and pendant stratigraphy, defi ne distinct longitudinal zones of the Sierra Nevada batholith that are continuous at regional scales. Evidence of signifi cant east-west shortening across the southern segment of the proto-Kern Canyon fault is manifest in the truncation of the otherwise regionally continuous axial zone of the batholith. Such shortening may have consumed up to ~25 km width of crust along the southern segment of the shear zone, and it appears to have occurred in conjunction with the east-side-up vertical throw resolved in the geobarometric data. The initial west-directed ductile reverse/thrust displacement phase along the proto-Kern Canyon fault changed to primarily dextral strike-slip shearing at ca. 90 Ma. A similar change from arc-normal shortening to dextral transpression is recorded at ca. 90 Ma in ductile shear zones that are widely dispersed in the central Sierra Nevada batholith. This change may be correlated to the Farallon plate subduction trajectory becoming increasingly oblique and the resulting tangential strain component being partitioned into the Sierra Nevada batholith along ductile shear zones. In contrast to the central Sierra Nevada batholith shear zones, which dispersed intra-arc deformation across the region, the proto-Kern Canyon fault guided both arc-normal shortening and subsequent transpression along Nadin and Saleeby spe438-15 page 24 a much more concentrated zone. This refl ects yet another midCretaceous change in subduction parameters, in this case affecting primarily the southernmost Sierra Nevada batholith. In the southernmost Sierra Nevada batholith and the adjacent southern California batholith, a change in the dip of the underlying subducting Farallon plate to a shallow trajectory in Late Cretaceous time led to intensifi ed intra-arc deformation and to the unroofing of an oblique crustal section. Early stage reverse/thrust displacements across the proto-Kern Canyon fault appear to have been kinematically linked to the shallowing of the Farallon slab. Later-stage dextral shearing appears to have been coincident with regional transpression across much of the axial to eastern zones of the Sierra Nevada batholith that arose in response to increasing dextral components in oblique subduction. Latest-stage dextral displacements may have been at least partly coupled to the extensional denudation that unroofed the southern Sierra Nevada batholith oblique crustal section.
